A comparison was made of the circular dichroism (C.D.) spectra of Chlorella, Eugkna, and Anacystis cells and thylakoids. Analyses of the spectra reveal that these C.D. bands are similar to those observed previously in whole spinach choloroplasts and subchloroplast particles. C.D. spectra of Euglena chloroplasts show bands at longer wavelengths than previously reported. From comparisons of circular dichroism spectra and fine structure, it was concluded that: (a) bands seen in circular dichroism spectra were not ihe result of light scattering from thylakoid membranes; and (b) bands seen in the C.D. spectra of nonmembranous systems (previously reported) could account for circular dichroism of algae. We also concluded that comparisons would have to be made with model systems in order to correct for effects of absorption flattening, concentration obscuring, and differential light scattering of membranous systems.
subchloroplast particles was seen in intact spinach chloroplasts (1, 15, 21) : this band (positive at 683 nm) was correlated with a shift in the negative band from 679 nm in subchloroplast particles to 672 nm in the intact chloroplasts (1, 21) . Addition linolenic acid to a suspension of intact spinach chloroplasts (1, 21) resulted in the disappearance of the 683 nm band and a shift in the negative band from 672 nm back to 679 nm. Brody and Nathanson (1) and Nathanson (21) concluded that the 683 and 672 nm bands could be correlated with one species of Chl a and the 679 nm and 665 bands with another.
In all of the references mentioned above, the membranous fractions examined were derived from the chloroplasts of higher plants. However, as has been shown by French and co-workers (12) among others, there are a number of different absorbing forms of both Chl a and b in vivo. Among the green photosynthetic organisms, Euglena has been shown to have a higher proportion of the long wavelength-absorbing forms of Chl a and a lower Chl b content than do other green photosynthetic organisms such as Chlorella and higher plants (12) . A further complication is encountered in the blue-green algae. In these organisms (such as Anacystis), phycobilins, which are easily leached out of the cells upon disruption of the thylakoid membranes, are found in place of Chl b. All of these pigments overlap to some extent in their absorption in the red region of the spectrum. We have, in the present work, examined differences in C.D. spectra between a blue-green alga (Anacystis nidulans), a green alga (Chlorella pyrenoidosa), and a euglenoid (Euglena gracilis) in an attempt to clarify the relationships between the observed C.D. and known photosynthetic pigments. Both whole cells and thylakoids of the aforementioned organisms were used in our investigation. The changes in C.D. patterns can be related to differences in pigment content. Therefore, a comparison among the cells and thylakoids of Euglenoids, green algae, and blue-green algae and between the cells and thylakoids of each of these organisms can furnish information concerning the C.D. bands associated with Chl a and b and with phycocyanin.
1,000g for 10 min, and resuspended in fresh growth media.
The method of Ludlow and Park (19) (29) .
Absorption spectra were obtained using a Cary 14R recording spectrophotometer. Circular dichroism spectra were obtained using the Durrum-Jasco recording spectropolarimeter, model J-20 (Durrum Instrument Corp., Palo Alto, Calif.) as previously described (1) . Fluorescence spectra were determined using the apparatus of Brody et al. (3) .
Algal pellets and thylakoid vesicles were obtained for fine structure studies by gentle centrifugation at 5OOg for 5 min. followed by fixation for 2 hr at 4 C with 2.5% glutaraldehyde in 50 mM cacodylate buffer. Specimens were dehydrated in ethanol, passed through propylene glycol, and embedded in Epon 812. Thin sections were stained with uranyl acetate followed by lead citrate. They were then viewed in an RCA EMU 3-H electron microscope.
RESULTS
The shapes of the C.D. spectra of both Chlorella cells and thylakoids are similar to the spectra of whole spinach chloroplasts reported earlier (1, 15, 21; Fig. 1 Figure 3A . The C.D. of fixed cells shows a negative ellipticity compared to unfixed cells. This may be due to the increase in light scattering caused by the fixation process (8) .
There is no appreciable shift in the wavelength of C.D. absorption of fixed compared to unfixed cells. The Chl a bands in the red region of the spectrum are similar to those seen in Chlorella, except for the presence of the long wavelength band at 693 nm in the latter organism. The absorption spectra for whole Euglena chloroplasts and chloroplast fragments isolated from a discontinuous sucrose density gradient are shown in Figure 4 . Both preparations contain equal concentrations of Chl. There is considerable difference in absorption due to scattering (as seen at 800 nm). In the inset to this figure are seen the absorption spectra resulting from normalization at 800 nm. The C.D. spectra are shown in Figure 5 ; they are similar but not identical. In conjunction with this, there is noted increased absorption and band broadening in the blue region of the spectrum of whole Euglena chloroplasts as compared with that of chloroplast fragments (inset to Fig. 4 which is caused by liberation of phycocyanin into the extract. Figure 3A demonstrates that the C.D. of the phycocyanin extract liberated from the thylakoids of unfixed cells differs from that of the cells in the following: (a) there is a very broad band from around 530 to 630 nm (due to phycobilins); and (b) there is a shift in the negative band of the red region of the spectrum from 686 nm (in cells and thylakoids) to 682 nm. In thylakoids from unfixed cells, the negative band in the red region of the spectrum has its maximum at 678 nm. However, it is fairly broad and has a shoulder at 693 nm. As is the case with Chlorella cells and thylakoids, the blue shifts, seen in the C.D. spectra of thylakoids of Anacystis compared with the cells, can be interpreted as being due to both decrease in light scattering and deaggregation of Chl a upon isolation of these thylakoids. Evi (1, 7, 21) . This is further demonstrated by the corresponding fluorescence emission spectra monitored at 77 K (Fig. SB) Figure 6A is presented an electron micrograph of whole Euglena chloroplasts in a continuously lightgrown cell. The chloroplasts contain lamellae but no grana. Figure 6B is an electron micrograph of light-grown Euglena thylakoid fragments isolated from the boundary between the 1.50 and 1.25 bands of a discontinuous sucrose density gradient.
In Figure 6C is seen an electron micrograph of grana from whole spinach chloroplasts. A comparison of these three electron micrographs demonstrates that: (a) in the spinach chloroplast, there is an association of eight or more lamellae continuous along the length of a granum; (b) in contrast to this, whole Euglena chloroplasts give evidence of association of perhaps three or four lamellae; and (c) in the Euglena thylakoids isolated from the sucrose density gradient, even less organization is seen. Nevertheless, it can be seen (Fig. 5) and has been reported (1) that not only is there a positive long wavelength band at 683 to 688 nm in spinach chloroplasts, there are also long wavelength bands in the C.D. of both whole Euglena chloroplasts and thylakoid fragments (at 705 and 697 nm, respectively). All three of these very different systems show long wavelength bands. This is presumptive evidence that these long wavelength bands are due to the presence of Chl aggregates in the chloroplast and not merely the result of light scattering from the granal membranes.
A summary is given in Table I of the bands in the red region of the spectrum seen in thylakoids and algal cells, as well as a listing of the bands of whole spinach chioroplasts. DISCUSSION 
AND CONCLUSIONS
Due to the electronic structure of Chl, bands can be observed directly in the C.D. (1, 10, 15, 16, 21) which are predicted by derivative and computer analysis of absorption spectra (12) . French and associates (12) However, there are a number of bands found in the C.D. spectra of membranous systems which are at wavelengths intermediate between the maxima at 674 and 705 nm. One possible explanation has been given by Brown and French (4) . These authors attribute the shifts seen in membranous systems to binding of these Chl as to different proteins in the chloroplast. This interpretation is supported by the results of Quinlan's study (25) of C.D. bands of Chl in aqueous formamide, a model for the Chl-protein system. He reported formation of Chl a aggregates upon the addition of aqueous formamide to an ethanolic solution of (monomeric) Chl a. This aggregate formation was attributed to the influence of the high dipole moment of the formamide peptide linkage resulting in dipole-dipole interaction between neighboring molecules. Moreover, Smitz et al. (27) have isolated three lamellar proteins on the basis of gel electrophoresis of a preparation from spinach chloroplasts.
We have seen here that hyposochromic shifts in C.D. maxima result upon isolation of thylakoid fragments from either cells of Chlorella and Anacystis or whole chloroplasts of Euglena. These changes can be explained by the occurrence of two processes -a decrease in light scattering upon isolation of the (smaller) thylakoids, and deaggregation of Chl as a consequence of the sonication treatment used in isolating the thylakoids. Both of these processes would result in blue shifts of the C.D. bands. Pecci and Fujimori (22) have shown that in c-phycocyanin from A. nidulans, the shift in C.D. maximum from 633 to 617 nm induced by mercurials is due to deaggregation of the protein portion of the phycocyanin. Earlier studies in this laboratory (1, 21) minutes of addition of fatty acids. We also found that these fatty acids cause deaggregation of the Chl by a preliminary unwinding of the proteins to which the Chl are attached. We can consider that the bands seen in chloroplasts from leaves of higher plants and in algae may all correspond to dimeric forms of Chl, whether these bands are split (664-679 nm, 672-683 nm) or single (697 and 705 nm). The lack of split exciton interaction seen in the C.D. bands occurring at 697 and 705 nm does not negate the assignment of these bands to dimeric species of Chl a, since the appearance of a dimer doublet in the C.D. spectrum would be dependent upon the angle between the transition moments of the molecules comprising the dimer (see refs. 10 and 16 Thornber (28) . That the ellipticity of whole chloroplasts is not greater can be attributed to absorption flattening and concentration quenching in the whole chloroplasts. Isolation of disrupted chloroplasts could result in a decrease in intensity of the resultant C.D. due to release of Chl complexes into the medium.
We would now like to consider the results obtained with bluegreen algae. In the red region of the spectrum, bands occurred at 666 nm (positive) and 678 to 686 nm (negative). Dratz et al. (10) , working with a Chl b-less mutant of barley, found that the C.D. of chloroplasts of the mutant had a positive band at 666 nm -different from the wild type. Our findings with blue-green algae also show a band with maximum at this wavelength. In addition, the negative bands seen at 678 to 686 nm in the various preparations of blue-green algae correspond well with the negative peak seen at 682.5 nm in the barley mutant (and in normal barley). A negative band with a peak at 678 and a shoulder at 693 nm occur in the thylakoids prepared from unfixed cells of blue-green algae. We feel that this two-banded form is analogous to bands observed in sonicated spinach chloroplasts (1, 21) . The main peak corresponds to a 678 nm absorbing form, with a small absorption at 683 nm causing a positive inflection between the negative peak at 678 nm and the shoulder at 693 nm. We concluded that the negative bands seen at longer wavelengths in blue-green algae actually correspond to the 678 nm band in green algae and in chloroplasts from higher plants. Also, this negative band occurs at 681 nm in the spectrum of the phycocyanin extract.
We would finally like to consider the effect of light scattering on the band peaks seen in the red region of the spectrum. We have shown that the large differences in the absorption and scattering of whole Euglena chloroplasts compared to thylakoid fragments are not reflected in the coresponding C.D. spectra. Although these thylakoids fragments are less highly organized than whole chloroplasts, they both have approximately the same degree of Chl aggregation (as seen from fluorescence emission spectra). In contrast to Philipson and Sauer (23) , we feel that the C.D. bands in the red region of the spectrum are a true reflection of Chl organization and not due to intrinsic differences in lightscattering properties. A similar conclusion has been reached by Demeter et al. (9) in their investigation of the stacking capacity of mesophyll and bundle sheath chloroplasts of maize.
While Philipson and Sauer (23) found that increasing the distance between the samples and the photomultiplier of their C.D. apparatus resulted in change in shape of moderately and heavily scattering samples (whole spinach chloroplasts and Chlorella cells), we, have not found this effect in our studies with Chlorella cells. Although Philipson and Sauer (23) used a standard Durrum-Jasco J-20 spectropolarimeter, we used a prototype for this model. In our experiments, the only difference which resulted was a diminution in intensity of the signal transmitted to the photomultipler, if we varied the distance of the sample to the photomultiplier from 1 cm (the usual position of the cuvette) to 11 cm (the limit of our sample compartment). Schooley and Govindjee (26) , investigating the effect of cations on the C.D. of chloroplasts from lettuce and spinach, observed a decrease in intensity of the 676 nm band with decreasing distance from the photomultiplier. The 
